Background. The purpose of this study was to determine among maintenance hemodialysis patients with echocardiographic left ventricular hypertrophy and hypertension whether in comparison with a β-blocker-based antihypertensive therapy, an angiotensin converting enzyme-inhibitor-based antihypertensive therapy causes a greater regression of left ventricular hypertrophy. Methods. Subjects were randomly assigned to either openlabel lisinopril (n = 100) or atenolol (n = 100) each administered three times per week after dialysis. Monthly monitored home blood pressure (BP) was controlled to <140/90 mmHg with medications, dry weight adjustment and sodium restriction. The primary outcome was the change in left ventricular mass index (LVMI) from baseline to 12 months. Results. At baseline, 44-h ambulatory BP was similar in the atenolol (151.5/87.1 mmHg) and lisinopril groups, and improved similarly over time in both groups. However, monthly measured home BP was consistently higher in the lisinopril group despite the need for both a greater number of antihypertensive agents and a greater reduction in dry weight. An independent data safety monitoring board recommended termination because of cardiovascular safety. Serious cardiovascular events in the atenolol group occurred in 16 subjects, who had 20 events, and in the lisinopril group in 28 subjects, who had 43 events {incidence rate ratio (IRR) 2.36 [95% confidence interval (95% CI) 1.36-4.23, P = 0.001]}. Combined serious adverse events of myocardial infarction, stroke and hospitalization for heart failure or cardiovascular death in the atenolol group occurred in 10 subjects, who had 11 events and in the lisinopril group in 17 subjects, who had 23 events (IRR 2.29, P = 0.021). Hospitalizations for heart failure were worse in the lisinopril group (IRR 3.13, P = 0.021). All-cause
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I N T RO D U C T I O N
Worldwide, ∼2 million people with end-stage renal disease (ESRD) undergo maintenance hemodialysis, 20-25% of which are in the USA. Among these patients, hypertension is common and is often poorly controlled [1] , and when measured in the interdialytic period with ambulatory blood pressure (BP), monitoring is strongly associated with all-cause mortality [2] [3] [4] . An important cause of hypertension is volume excess but even after aggressive volume management, many patients receiving thrice-weekly dialysis remain hypertensive [4, 5] . In such patients, nonvolume mechanisms-such as activation of the renin angiotensin system or the sympathoadrenal system-are important to sustain hypertension [6] . Meta-analyses of randomized trials suggest that the risk of cardiovascular events can be cut by a third by using antihypertensive drug therapy among hemodialysis patients especially when they are hypertensive [7, 8] . However, it is not clear whether one class of antihypertensive agent is superior to others in improving cardiovascular outcomes.
Randomized trials among hypertensive people with left ventricular hypertrophy suggest that the inhibition of the renin-angiotensin system is superior to the β-blockade in producing a regression of left ventricular hypertrophy and preventing cardiovascular morbidity and mortality [9] . In this study, we hypothesized that among hypertensive patients on hemodialysis, targeted to a similar home BP goal measured monthly, the use of an angiotensin converting enzyme (ACE) inhibitor (lisinopril) will be more effective than a β-blocker (atenolol)-based antihypertensive therapy in causing regression of left ventricular hypertrophy.
M AT E R I A L S A N D M E T H O D S
The Hypertension in Hemodialysis Patients Treated with Atenolol or Lisinopril (HDPAL) was a randomized, open-label, parallel group, active control, single-center trial that compared the safety and efficacy of ACE-inhibitor-based therapy with β-blocker-based treatment, each administered three times weekly after dialysis. The study was conducted between August 2005 and September 2013 at four dialysis units affiliated with Indiana University. Recruitment and data collection were performed by the principal investigator, coordinators and technicians. An independent data and safety monitoring board reviewed the safety data and the study progress on an annual basis. The study was approved by the Institutional Review Board of Indiana University and the Research and Development Committee of the Roudebush VA Medical Center, Indianapolis, and all subjects gave written informed consent. The principal investigator (R.A.) takes full responsibility to the fidelity of this report.
Participants
Patients 18 years or older who had end-stage renal disease treated with chronic hemodialysis dialyzed three times a week (TIW) for at least 3 months with hypertension and left-ventricular hypertrophy were subjects for this study. Patients were excluded if they had ongoing atrial fibrillation, body mass index of ≥40 kg/m 2 , history of missing one or more hemodialysis treatments in the previous month, known drug abuse, severe chronic obstructive airway disease, stroke or myocardial infarction within the previous 6 months or known contraindication to atenolol or lisinopril.
Study design
Randomization. Subjects were randomized in a 1:1 ratio to either atenolol or lisinopril using concealed opaque envelopes, using a random permuted block design. A permuted block design was chosen to avoid imbalance in assignment to the study drugs over time. Random sequence was generated by a statistician using a computer program and study technicians opened these envelopes after confirming eligibility with the principal investigator. Given that atenolol predictably slows heart rate, it would be easy to guess the assigned drug. Furthermore, a double-blind trial is more resource intensive and costly; therefore, an open-label trial design was chosen. Technicians performing echocardiograms were masked to the treatment assignment.
Diagnosis of hypertension. Subjects were asked to monitor their home BP following a mid-week dialysis for 4 days (as described in the Supplementary data). If patients were treated with antihypertensive medications, these medications were tapered and home BP obtained every week up to a maximum of 3 weeks. If home BP increased to ≥160/100 mmHg during this washout period, further tapering of antihypertensive medications was stopped and 44-h interdialytic ambulatory BP monitoring was performed. A diagnosis of hypertension was made if the 44-h interdialytic ambulatory BP monitoring was ≥135 mmHg systolic or ≥85 mmHg diastolic. After one subject had a stroke shortly after washout, the protocol was amended such that washout was required only if the treated home BP was <150/90 mmHg or the ambulatory BP remained normal after tapering antihypertensive medications.
To evaluate the comparative effectiveness of the two drug regimens in controlling hypertension, interdialytic ambulatory BP monitoring was performed at 3 months, 6 months and at the end of the study.
Diagnosis of left ventricular hypertrophy. Echocardiographic determination of chamber diameters is sensitive to volume changes. Accordingly, echocardiograms were performed immediately following dialysis (as detailed in the Supplementary data). Left ventricular hypertrophy was defined as echocardiographic left ventricular mass index (LVMI) of ≥104 g/m 2 in women and ≥116 g/m 2 in men [10] . We recognized that cardiac magnetic resonance imaging is less susceptible to volume fluxes and can more accurately detect change in left ventricular mass, but, at the time of initiation of the study, this technique was not available to us.
Drug dosing and titration. Target home BP was 140/90 mmHg or less. Initial study drug dose selection was based on baseline ambulatory BP. If 44-h interdialytic ambulatory BP was 135-154/85-94 mmHg, study drugs were started at the lower dose and titrated upwards using the following protocol. Subjects received atenolol 25 mg TIW or lisinopril 10 mg TIW, and the dose was doubled every 2-4 weeks up to a maximum dose of 100 mg TIW for atenolol and 40 mg TIW for lisinopril. If BP control was not possible felodipine or amlodipine 10 mg QD (once daily) was added, followed by other antihypertensive therapies in the following order: doxazosin, minoxidil and guanfacine. If ambulatory BP was ≥155 mmHg systolic or ≥95 mmHg diastolic patients, the maximum dose of the drug was used: for lisinopril 40 mg TIW after dialysis or for atenolol 100 mg TIW after dialysis.
However, following the protocol amendment, study medications were generally used in maximum doses at initiation along with amlodipine and other drugs. Off-study ACE inhibitors, angiotensin receptor blockers and β-blockers were forbidden. Dry weight was adjusted based on the clinical assessment of volume status. At least monthly titration of antihypertensive drugs was based on home BP measurements.
An interim history, concomitant medication list and adverse events related or unrelated to the study were monitored at each monthly visit. Tolerance to BP reduction was assessed by interdialytic symptoms during the course of the trial at monthly intervals. Study duration was 12 months.
Other measurements. Quality of life was measured by the kidney disease quality of life tool at the beginning and end of the trial. Postdialysis weights were monitored at least monthly.
Outcome
The primary outcome was between group differences in change from baseline (CFB) to 12 months in LVMI.
Statistical analysis
The study was powered to detect between treatment difference of 11 g/m 2 in LVMI over 1 year using 83 hypertensive ESRD patients with left ventricular hypertrophy per group with a power of 80% at a 0.05 two-sided significance level. Assuming a 15% drop out, a total of 100 patients per group were recruited.
The primary outcome of the study was the average reduction in left ventricular mass indexed for body surface area from baseline to 1 year. The analysis was performed by intention to treat, if the patient received at least one dose of the randomized drug (which was the case for each subject) regardless of the availability of a postbaseline echocardiogram. A mixed model was used with LVMI as the outcome variable. Fixed effects were indicator variables for time, treatment and their interaction. Random effect was subject and statistical inference was made using the maximum likelihood estimator. No imputation was made for missing data.
Cardiovascular events were counted by subject and included the following: myocardial infarction, stroke, hospitalization for congestive heart failure, hospitalized angina, arrhythmias, cardiac arrest, coronary revascularization and heart valve replacement. Adverse events reported are those during the course of 12 months of participation in the trial. All serious adverse events were jointly adjudicated by R.A. and A.D.S. who were masked to the drug assignment at the time of adjudication. The duration of participation in the study per subject, which according to the trial design could be up to 12 months, was determined. The cardiovascular event rate was calculated by treatment group assignment. Incidence rate ratio (IRR) by treatment was then determined along with the 95% confidence intervals (95% CIs). As a post hoc analysis, we also determined the narrower definition of cardiovascular events per group that included myocardial infarction, stroke, congestive heart failure or cardiovascular death. At the request of the data safety and monitoring board, we also calculated the hospitalization rates by treatment and their confidence intervals.
All analyses were conducted using Stata version 11.2 (Stata Corp., College Station, TX, USA). The P values reported are two-sided and taken to be significant at <0.05.
The funding source had no input in the decision to submit the manuscript for publication. R.A. was responsible for the decision to submit the manuscript. All authors had full access to data at all times.
R E S U LT S
Between January 2005 and May 2013, we randomized 200 subjects undergoing maintenance dialysis with hypertension and echocardiographic left ventricular hypertrophy. The trial flow is shown in the Supplementary Figure S1 . Of the 100 subjects randomized to the lisinopril group, 6 received a β-blocker at some point during the course of the trial. The reasons were cardiomyopathy, heart failure, myocardial infarction, coronary revascularization, patient preference and in error. In contrast, of the 100 subjects randomized to the atenolol group, only 4 received off-study ACE inhibitors or angiotensin receptor blockers during the course of the trial. The reasons were stroke, cardiomyopathy and in two subjects their preference.
The clinical characteristics of patients were balanced between groups and are provided in Table 1 . The population was predominantly black (86%) with average age of 52.7 years and 34.5% of the participants were women. A lower socioeconomic status reflects an inner city population. Documented cardiovascular disease and hospitalization for heart failure was evenly balanced between groups, although the lisinopril group had more women, more coronary revascularization and a slightly greater urea reduction ratio. All subjects were on thrice weekly dialysis. Prescribed duration of dialysis averaged 4 h and delivered duration was slightly less.
Prior to any washout, majority of the patients received antihypertensive drugs, with an average of 2.7 drugs in those who took these drugs (Table 2) . β Blockers were prescribed to nearly three-quarters of the subjects and nearly as many were prescribed either an ACE inhibitor or an angiotensin receptor blocker. Other prescribed medications such as aspirin, statins and erythropoietin stimulating agents were also well balanced between groups. However, at baseline, the atenolol group had greater intravenous iron use and vitamin D use, but less clopidogrel use.
BP control between groups and interventions toimprove BP Figure 1 shows 44-h interdialytic ambulatory BP measurements at baseline and over time and self-measured home BP measurements. At baseline, 44-h ambulatory BP was 151.5/ 87.1 mmHg in the atenolol group. BP was similar in the lisinopril group, improved over time in both groups, and no statistical difference between drugs was noted (see figure legend for details). Figure 2 shows the postdialysis weight at baseline and over the course of the trial. On average, there was a 1.5-kg reduction in weight in the lisinopril group compared with the 0.9-kg increase in weight in the atenolol group. The difference between groups was clinically and statistically significant. Furthermore, there was a greater need for titration of antihypertensive medication in subjects randomized to the lisinopril group (see figure legend for details).
Early termination of the trial
We terminated the trial on the unanimous recommendation of the independent data safety monitoring board which found a clear signal for cardiovascular safety on an annual monitoring meeting after complete randomization. At their annual meeting, the committee also noted that the lisinopril group experienced an increase in the following: all-cause serious adverse events, all-cause hospitalization rates, hypertension and hyperkalemia.
Given the totality of evidence, they recommended termination of the trial.
Serious adverse events and cardiovascular eventsthat led to trial termination Table 3 shows the serious adverse events between groups over the course of the trial. Cumulatively, we had 81.2 patientyears (PY) of follow up in the atenolol group and 74.1 PY in the lisinopril group. Serious cardiovascular events in the atenolol group occurred in 16 subjects, who had 20 events (24.6/ 100 PY) and in the lisinopril group in 28 subjects, who had 43 events [58/100 PY; IRR 2.36 (95% CI 1.36-4.23, P = 0.001)]. In post hoc analyses, combined serious adverse events of myocardial infarction, stroke, hospitalization for heart failure or cardiovascular death in the atenolol group occurred in 10 subjects, who had 11 events (13.5/100 PY) and in the lisinopril group in 17 subjects, who had 23 events [31.0/100 PY; IRR 2.29 (P = 0.021)]. Hospitalizations for heart failure were worse in the lisinopril group (IRR 3.13, P = 0.021).
All-cause hospitalizations in the atenolol group occurred in 37 subjects, who had 73 hospitalizations (89.9/100 PY), and in the lisinopril group in 59 subjects, who had 107 hospitalizations 3.6 ± 0.5 3.6 ± 0.5 3.6 ± 0.5 Hemoglobin (g/dL)
11.3 ± 1.2 11.3 ± 1.4 11.3 ± 1.3 Creatinine (mg/dL) 10.3 ± 3.5 10 ± 3.6 10.1 ± 3.6 *P < 0.05 and **P < 0.01 for comparison between treatment groups.
O R I G I N A L A R T I C L E
H D P A L -R C T The table at the bottom of each graph shows the number of patients in each drug [atenolol (n), lisinopril (n)]; the change from baseline (CFB) and between group comparisons of the changes (lisinopril-atenolol CFB). The declines in both systolic and diastolic blood pressure were numerically greater with atenolol but no statistical difference was present between drugs. Home BP monitoring was performed at baseline and at every month for the entire duration of the trial; the mean reduction in BP overall was reduced more with atenolol therapy (linear rate of change for atenolol was −1.5 mmHg systolic/month and that for lisinopril was 0.47 mmHg flatter (P = 0.037). The square root transformation of time had a between group difference of slope with a P value of 0.012. Both these analyses were post hoc). 40 (40) 44 (44) 84 (42) *P < 0.05, **P < 0.01 and ***P < 0.001 for comparison between treatment groups.
[144.3/100 PY; IRR 1.61 (95% CI 1.18-2.19, P = 0.002)]. There were more hypertensive events and hyperkalemia in the lisinopril group and more falls and fractures in the atenolol group.
Results of LVMI Figure 3 shows the LVMI in the two groups at baseline over time. LVMI improved with time (P < 0.05 for each within group comparison); no difference between drugs was noted. Given the early termination of the trial, the power to detect between group differences was limited. Midwall fractional shortening is an objective and accurate index of left ventricular systolic function. Left atrial diameter may reflect the volume state. Supplementary Table S3 shows no difference at baseline or over time between groups.
Other measurements Supplementary Table S1 shows the kidney disease quality of life questionnaire administered at baseline and at the end of the trial. No differences were statistically significant between groups.
F I G U R E 2 : Time course of change in postdialysis weight and antihypertensive drug number. Whereas atenolol group gained weight, on average the lisinopril group experienced a mean 1.5 kg reduction in weight. The between group changes in weight was statistically significant. Despite the reduction in weight the lisinopril group required greater number of antihypertensive drugs to achieve a similar degree of BP control. The notations in the table appearing below each graph are explained in the legend for Figure 1 .
O R I G I N A L A R T I C L E H D P A L -R C T D I S C U S S I O N
Among hypertensive patients with left ventricular hypertrophy on maintenance hemodialysis, in the HDPAL randomized, controlled trial treatment with either atenolol or lisinoprilbased antihypertensive therapy produced statistically and clinically significant reductions in BP from baseline that was sustained over the 12-month course of the trial. Despite a greater reduction in dry weight, compared with atenolol, the administration of lisinopril was associated with an increased risk of hospitalizations for congestive heart failure. In addition, lisinopril therapy was associated with an increased risk of all-cause hospitalizations and cardiovascular morbidity. Specifically, lisinopril administration was also associated with an increased incidence of the combined risk for hospitalizations due to congestive heart failure, myocardial infarction, strokes and cardiovascular death. Furthermore, lisinopril-based therapy was also associated with an increased risk of hyperkalemia and emergent treatment for hypertensive crises.
Both antihypertensive drugs, atenolol [11] and lisinopril [12] , have been individually shown to lower BP effectively when administered TIW after dialysis. Furthermore, using interdialytic ambulatory BP monitoring, BP lowering with monotherapy with either drug is sustained over the entire interdialytic interval [11, 12] . The HDPAL trial shows, for the first time, that atenolol-based antihypertensive therapy is superior in lowering BP compared with lisinopril-based therapy. Despite both groups being targeted to home BP of <140/90 mmHg at each monthly visit, the lisinopril-based group required a statistically greater number of antihypertensive drugs and a greater need for lowering dry weight to lower BP. Moreover, in the lisinopril group, BP lowering remained numerically less using ambulatory BP monitoring and statistically less when assessed by home BP monitoring. Atenololbased therapy may have therefore conferred cardiovascular protection by improving BP control. If a superior decline in BP with atenolol is in the causal pathway for cardiovascular protection, this randomized trial provides evidence that BP lowering is not deleterious for dialysis patients. It provides support to the notion that time-dependent fall in BP among dialysis patients is not causally related to adverse cardiovascular events as reported by several observational cohorts [13, 14] . Together with meta-analyses of hypertension treatment trials in dialysis patients, our results urge clinicians to manage hypertension assiduously. However, our study cannot recommend goal BP levels in these individuals. A prior small study from our group has shown that lisinopril reduces ambulatory BP by 22-mmHg systolic even when given TIW after dialysis [12] . Whether daily administration of lisinopril could have led to a greater reduction in BP is possible but unlikely. However, head-to-head comparison with atenolol given TIW or lisinopril given TIW clearly demonstrates superiority of atenolol in reducing BP in hemodialysis patients.
It is unlikely that cardiovascular events in the lisinopril group were because of abrupt withdrawal of β-blockers; β-blockers were gradually tapered during baseline if patients were on this class of therapy. However, majority of the subjects in our trial had prior cardiovascular disease. It is possible that withholding β-blocker therapy from such subjects could have precipitated cardiovascular events in the long term independently of BP. Even if this was the case, it would still support the continued use of β-blocker therapy among hypertensive patients on hemodialysis.
There were some signals of possible harm associated with atenolol-based therapy. For example atenolol-based antihypertensive therapy was associated with increased risk of falls and fractures. The latter may reflect a greater ability of atenolol to reduce BP or transient heart block and therefore incur more hypotensive events, dizziness and falls.
Two meta-analyses of small trials among maintenance dialysis patients suggest that antihypertensive therapy can improve cardiovascular events [7, 8] . Two studies are particularly relevant. Zannad et al. randomized maintenance hemodialysis patients with left ventricular hypertrophy with or without hypertension to either fosinopril or placebo to evaluate cardiovascular protection of the ACE inhibitor [15] . Nearly 40% of the cohort was normotensive. Compared with placebo, the hazard ratio for cardiovascular events with fosinopril was nonsignificantly improved by 7%. Results of this trial suggest that ACE inhibitors are likely not harmful among patients on hemodialysis with left ventricular hypertrophy. In comparison, among patients on maintenance hemodialysis who also had symptomatic heart failure and dilated cardiomyopathy (left ventricular ejection fraction <35% by echocardiography), and who all received either an ACE inhibitor or an angiotensin receptor blocker as baseline, Cice et al. randomly assigned 114 patients to either placebo or carvedilol [16] . Although hypertension or left ventricular hypertrophy were not criteria for recruitment in the trial, at 12 months there was substantial benefit of this drug on echocardiographic parameters. At 24-month follow-up, fewer deaths and improved cardiovascular outcomes were noted in the carvedilol group. Compared with the placebo group, carvedilol treatment was associated with 15/6 mmHg reduction in BP from baseline. Whether the benefit of carvedilol was due to reduction in BP or F I G U R E 3 : Time course of change in echocardiographic LVMI. At 12 months, each group had an improvement in LVMI (P = 0.015 for lisinopril and P <0.001 for atenolol at 12 months). Between group changes were not significant. CFB, change from baseline. Lis, lisinopril dotted line, Aten, atenolol solid line. '±' indicates standard error of the modeled means.
independent of it can be debated, nonetheless data suggest that among dialysis patients with symptomatic dilated cardiomyopathy treated with an ACE inhibitor or an angiotensin receptor blocker, compared with a placebo group, β-blockerbased therapy was superior.
Dysfunction of the sympathetic pathway is thought to be particularly important in the pathogenesis of hypertension among black people with hypertension [17, 18] . Plasma renin activity is often suppressed in these individuals, which suggests volume excess rather than activation of the renin-angiotensin system plays a greater role in the pathogenesis of hypertension among blacks [19, 20] . Among patients with kidney disease, sympathetic activation is seen among patients on long-term dialysis [21] and is associated with cardiovascular events [22] . A randomized trial comparing losartan with atenolol in hypertensive patients with left ventricular hypertrophy (not on dialysis) has earlier demonstrated that losartan was superior to atenolol therapy in preventing strokes, myocardial infarctions and cardiovascular death [9] . In a subgroup analysis of this trial, the reverse was found to be true among blacks. Our patients were predominantly black, and we had only 14% whites. Whether similar results will be seen among white people remains unclear.
There are several limitations and some strengths of the HDPAL trial. First, the trial had an open label design. This design was not likely to affect measurement of ambulatory BP or the achieved BP over the course of the trial, but may have affected the selection of additional antihypertensive therapy. Second, there were predominantly black patients in our study. Whether the results can be extrapolated to a predominantly white population cannot be answered by the present trial. Third, the HDPAL trial did not have a placebo group. Accordingly, it cannot recommend a goal BP that should be targeted among maintenance hemodialysis patients with hypertension. Among the trials conducted to evaluate role of antihypertensive drugs in hypertensive maintenance hemodialysis patients, the HDPAL trial is unique in requiring interdialytic ambulatory BP monitoring for the diagnosis of hypertension. Using home BP monitoring to guide antihypertensive therapy and other therapeutic interventions is also a notable strength of this trial.
In conclusion, among predominantly black hemodialysis patients with hypertension and left ventricular hypertrophy, an initial strategy using atenolol, β-blocker therapy, is superior to ACE-inhibitor-based therapy. Strict attention to dry weight and periodic home BP monitoring may further improve BP control and cause regression of left ventricular hypertrophy. However, we are unable to draw any conclusion regarding between group differences in the regression of left ventricular hypertrophy.
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